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ABSTRACT 

Poly(ADP-ribosyl)ation is involved in numerous bio- 
logical processes including DNA repair, transcrip- 
tion and cell death. Cellular levels of poly(ADP- 
ribose) (PAR) are regulated by PAR polymerases 
(PARPs) and the degrading enzyme PAR glycohy- 
drolase (PARG), controlling the cell fate decision be- 
tween life and death in response to DNA damage. 
Replication stress is a source of DNA damage, lead- 
ing to transient stalling of replication forks or to their 
collapse followed by the generation of double-strand 
breaks (DSB). The involvement of PARP-1 in replica- 
tive stress response has been described, whereas 
the consequences of a deregulated PAR catabolism 
are not yet well established. Here, we show that 
PARG-deprived cells showed an enhanced sensitiv- 
ity to the replication inhibitor hydroxyurea. PARG 
is dispensable to recover from transient replicative 
stress but is necessary to avoid massive PAR pro- 
duction upon prolonged replicative stress, condi- 
tions leading to fork collapse and DSB. Extensive 
PAR accumulation impairs replication protein A as- 
sociation with collapsed forks resulting in compro- 
mised DSB repair via homologous recombination. 
Our results highlight the critical role of PARG in 
tightly controlling PAR levels produced upon geno- 
toxic stress to prevent the detrimental effects of PAR 
over-accumulation. 



INTRODUCTION 

Poly(ADP-ribosyl)ation (PARylation) is a post- 
translational modification of proteins mediated by 
Poly(ADP-ribose) polymerases (PARPs). PARylation is 
involved in numerous biological processes including regula- 
tion of transcription and maintenance of genome integrity. 
The founding member of the PARP family PARP-1 is a 
key regulator of DNA damage repair, by controlling the 
recruitment or repellence of DNA repair enzymes as well 
as chromatin structure modifiers to accelerate repair (1,2). 
PARylation is a reversible modification, PAR catabolism 
is mediated mainly by poly(ADP-ribose) glycohydrolase 
(PARG), encoded by a single gene but present as multiple 
isoforms localized in different cellular compartments (3,4). 
In mice, the disruption of all PARG isoforms is embryonic 
lethal (5). In contrast, in cell-based models, the depletion 
of all PARG isoforms using either siRNA or shRNA 
strategies does not necessarily affect cell viability in un- 
stressed conditions. However, upon genotoxic insults, these 
PARG-deficient cells revealed increased cell death and 
impaired repair of single- and double-strand breaks (SSB 
and DSB, respectively) and of oxidized bases (6-8), thereby 
highlighting the key functions of PARG, like PARP-1, in 
DNA damage response. 

DNA damage response pathways are also activated upon 
DNA replication stress, leading to stalling of replication 
forks and activation of S-phase checkpoint. If stalling is 
transient, the stalled replication fork needs to be stabilized, 
and replication resumes once the inhibitory signal is re- 
moved. Persistent stalling can lead to fork collapse with 
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the dissociation of the replication machinery and the gen- 
eration of DSB (9). Replication resumes by the opening 
of new origins and by the repair of DSB through homol- 
ogous recombination (HR). While a transient short treat- 
ment (<6 h) with the ribonucleotide reductase inhibitor hy- 
droxyurea (HU), that deprives the pool of nucleotides, has 
been shown to trigger transient fork stalling, a longer HU 
treatment triggers fork collapse and DSB formation (10). 

PARP-1 -/- mouse embryonic fibroblasts, but also 
PARP-1 -depleted or PARP-inhibited human or mouse cells 
were shown to be sensitive to HU or triapine, two potent ri- 
bonucleotide reductase inhibitors (11-15). PARP-1 was re- 
ported to favor replication restart from prolonged stalling 
of replication fork by recruiting the DNA resection en- 
zyme MRE11 in a PAR-dependent manner (12). However, 
PARP-1 is not directly involved in the process of DSB repair 
by HR (11,12,16). In contrast, in conditions of short HU 
treatment, PARP activity is not required to relocate MRE1 1 
to transiently stalled forks, but, together with BRCA2, pro- 
tects the forks from extensive MRE 11 -dependent resec- 
tion (17). PARP-1 and its activity are also involved in the 
fork slowing down upon topoisomerase I poisoning with 
camptothecin (18). At very low concentrations of camp- 
tothecin, conditions still sufficient to trigger fork slowing 
down with the accumulation of regressed forks, PARP-1 ac- 
tivity is critical to protect the regressed forks from a prema- 
ture RECQL1 helicase-mediated reversion, thus preventing 
the generation of DSB (19,20). 

Although the requirement for PARP-1 and PAR in the 
response to transient or prolonged replication stress is well 
established from all the studies described above, it is, how- 
ever, not known whether a deregulation of PAR catabolism 
would affect these processes. The role of PARG in response 
to replicative stress has not been clearly addressed yet. 
The localization of PARG to replication foci throughout S- 
phase together with the interaction of PARG with PCNA 
suggests that PARG could be involved in a replication- 
related process (21). Murine Parg _/_ hypomorphic ES cells 
(generated by disruption of exon 1) as well as a PARG- 
depleted human pancreatic cancer cell line showed in- 
creased S-phase arrest and increased DSB formation asso- 
ciated with PAR accumulation after treatment with an alky- 
lating agent, suggesting enhanced replication stress (22). 
Hypomorphe murine Parg A2,3_/_ cells (generated by dis- 
ruption of exons 2 and 3) showed persistence of RAD51- 
foci triggered by a short (6 h) HU treatment (23) but these 
cells are not completely devoid of nuclear PAR degrada- 
tion and do not accumulate PAR (24). Additionally, en- 
hanced spontaneous replication fork collapse was reported 
upon cell treatment with gallo tannin (25), an efficient in 
vitro but still questioned in vivo PARG inhibitor (26). How- 
ever, the mechanistic implication of PARG in the recovery 
from replication stress has not been examined so far. 

In this study, we examined the consequences of PARG 
deficiency in the cell response to transient and prolonged 
replicative stress triggered by HU. We provide biochemical 
and cellular evidences that PARG activity is not involved 
in the recovery from transiently stalled replication forks but 
is critical to prevent the massive and detrimental accumu- 
lation of PAR molecules in conditions of replication fork 
collapse and generation of DSB. 



MATERIALS AND METHODS 

Cell culture and treatments 

Cell lines were maintained in Dulbecco's Modified Ea- 
gle's Medium (DMEM 1 g/1 glucose) (Invitrogen) supple- 
mented with 10% fetal bovine serum, 1% gentamicin (In- 
vitrogen) and 125 |xg/ml hygromycin B under 5% C02. 
Stable PARG knockdown (shPARG /PARG KD ) and con- 
trol (shCTL/BD650) HeLa cell lines have been described 
previously (6,27). The cellular clone U20S-DR-GFP sta- 
bly transfected with mCherry -I-Scel-GK (28) used for the 
HR efficiency assay was cultured in DMEM (4.5 g/1 glu- 
cose) without phenol-red (Invitrogen) supplemented with 
10% fetal bovine serum, 100 U/ml penicillin/streptomycin, 
0.4 mg/ml G418 (Sigma) and 1 mg/ml puromycin. mCherry 
positive cells were sorted using FACSAria (Becton Dick- 
inson). Hydroxyurea (HU, Sigma) is diluted in water and 
added to the cell culture medium at the indicated concentra- 
tion for the indicated time. Cells are washed twice with PBS 
at the end of the treatment. PARP inhibitor (KU0058948) 
(29) was added in complete culture medium to a final con- 
centration of 200 nM, 1 h before HU treatment and main- 
tained throughout the experiment. NU7441 (10 |xM; Sell- 
eckchem) or mirin (20 |xM; Sigma) were added in complete 
medium 2 h before HU treatment and maintained through- 
out the experiment. 



Colony-forming assay 

Four thousand shPARG or shCTL cells were seeded in trip- 
licate on 100-mm dishes 5 h prior to treatment with the in- 
dicated dose of HU in complete medium for 24 h. Cells were 
washed twice with PBS and incubated for 1 1 days in com- 
plete medium. Colonies were fixed in 3.7% formaldehyde, 
stained with 0.1% crystal violet and enumerated using Im- 
ageJ (NIH, Bethesda, MD, USA). 



Flow cytometry 

Five hundred thousand cells were seeded in 100-mm culture 
dishes and treated the following day with the indicated dose 
of HU for either 4 or 24 h. For cell cycle distribution anal- 
yses (FACS), cells were trypsinized, fixed in ethanol 70% 
for 24 h and rehydrated in PGE (PBS, 1 g/1 glucose, 1 mM 
EDTA). Nuclear DNA was stained with propidium iodide 
(Sigma; 4 |xg/ml) in the presence of RNase A (Sigma; 10 
jxg/ml) in PGE for 30 min. Stained cells were analysed on 
an FACScalibur (Becton Dickinson) using CellQuest soft- 
ware (Becton Dickinson). Ten thousand cells gated as single 
cells were analysed. For analyses of PAR production, cells 
were collected, fixed and rehydrated as above. Cells were in- 
cubated 20 min in 2 ml PTB buffer (PBS, 0.5% Tween-20, 
0.5% BSA) then 2 h at RT with the mouse monoclonal anti- 
PAR antibody (10H, 1:200 in PTB). After two washes with 
PTB, cells were incubated 1 h at RT with Alexa 488 con- 
jugated goat anti-mouse IgG3k secondary antibodies (In- 
vitrogen) diluted 1:500 in PTB. After two washes in PTB, 
nuclear DNA was stained with propidium iodide and cells 
analysed by flow cytometry as described above. 
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Immunofluorescence 

Cells grown on glass coverslips were treated or not, 
as indicated in the figure legends, then processed as 
follows: washed in PBS and fixed 20 min in ice-cold 
methanol: acetone (v:v). For RPA2 (replication protein A 
(RPA) subunit 2), P-S4S8-RPA2, RAD51 and MRE11 im- 
munodetection, a pre-extraction step was carried out by in- 
cubating the coverslips in CSK extraction buffer (50 mM 
HEPES, pH 7.5, 150 mM NaCl, 1 mM EDTA) containing 
0.3% Triton X-100 on ice two times for 5 min before fixa- 
tion. Permeabilization was done in PBS, 0.1% Tween. Cells 
were incubated overnight at 4°C with PBS, 0.1% Tween, 
containing 1 mg/ml BSA and a primary antibody: mouse 
monoclonal anti-PAR 10H (IgG 3 K, 1:1000), anti-7H2AX 
(Serl39) (IgGi, 1:2000, Upstate), anti-BrdU (IgGi, 1:7, 
Becton Dickinson), rabbit monoclonal anti-P-Chkl (S345) 
(cll33D3, IgG, 1:400, Cell Signaling), rabbit polyclonal 
IgG anti-MREll (NB100-142, 1:400, Novus Biologicals), 
anti-RAD51 (H-92) (1:1000, Santa Cruz Biotechnology), 
anti-RPA2 (ab2626) (1:2000, Abeam), anti-P-RPA2 (S4S8) 
(1:4000, Bethyl Laboratories). After washing, cells were in- 
cubated for 2 h with the appropriate secondary antibodies: 
an Alexa Fluor 488 or 568 goat anti-mouse IgG or IgGi 
or IgG3, or an Alexa Fluor 488 or 568 goat anti-rabbit 
IgG (1:2000, Molecular Probes, Invitrogen). After three 
washes with PBS, 0.1% Tween, DNA was counterstained 
with Dapi (25 ng/ml in PBS) and slides were mounted in 
Mowiol (Sigma) containing the anti-fading agent Dabco 
(Sigma). Immunofluorescence microscopy was performed 
using a Leica DMRA2 microscope (Leica Microsystems) 
equipped with an ORCA-ER chilled CCD camera (Hama- 
matsu) and the capture software Openlab (Improvision). 
Merging of images was done using ImageJ. 

Single-stranded DNA labeling by BrdU immunodetection 

The experiment was performed essentially as described (30). 
Briefly, cells on glass coverslips were grown in the culture 
medium containing 10 jxM BrdU (Sigma) for 40 h, corre- 
sponding to two cell cycles. BrdU were removed with PBS 
washes and fresh medium with or without 2 mM HU was 
added, for 24 h. For the release points, cells were washed 
with PBS and fresh medium was added for the indicated 
release times. To finally detect single-stranded DNA (ss- 
DNA), the coverslips were processed for immunofluores- 
cence detection using anti-BrdU and anti-PAR antibodies, 
as described above. To verify BrdU incorporation into the 
entire nuclear DNA, a denaturation step prior to perme- 
abilization was introduced, comprising a 15-min incuba- 
tion with 3 N HC1 on ice and washes with 0.1 M Na2B40y 
-10H 2 O, pH8.5. 

Western blot 

Total cell lysates were prepared by adding Laemmli buffer 
(4% SDS, 20% glycerol, 120 mM Tris-HCl pH 6.8) di- 
rectly on the culture dishes, sonication of the collected 
samples and estimation of the relative protein content by 
analysing an aliquot on a 10% SDS-PAGE. The gel was 
stained with Coomassie Blue followed by analysis of stain- 
ing intensity of some common strong bands using a LICOR 



Odyssey. After normalization, equal amounts of proteins 
were analysed by western blotting using the appropriate an- 
tibodies: mouse monoclonal anti-a-tubulin (Sigma), anti- 
7 H2AX (Serl39) (Upstate), anti-Chkl (G-4) (Santa Cruz 
Biotechnology), anti-RPA2 (ab2175, Abeam), anti-PARP- 
1 (EGT69, in-house production), rabbit polyclonal anti- 
PAR (Trevigen), anti-P-Chkl (S345) (Cell Signaling), anti- 
RPA2 (ab2626, Abeam), anti-P-S4S8-RPA2 and anti-P- 
S33-RPA2 (Bethyl Laboratories), anti-MREll (NB100- 
142) (Novus Biologicals), anti-RAD51 (H-92) (Santa Cruz 
Biotechnology), anti-GAPDH (Sigma) and the rabbit mon- 
oclonal anti-histone H4 (Millipore). After washings, mem- 
branes were incubated for 1 h with the appropriate sec- 
ondary antibodies: an Alexa Fluor 680 goat anti-rabbit or 
goat anti-mouse Alexa Fluor 680 (1:20 000, Invitrogen) or 
a Donkey anti-mouse IRDye800 (1:10 000, Li-Cor, Bio- 
science) and revealed on Odyssey Infrared Imaging System 
(Li-Cor, Bioscience). Quantification was performed with 
the analysis software provided. 

Biochemical fractionation 

After different treatments, cells were washed with PBS and 
harvested. Pellets of 5 x 10 6 cells were fractionated as previ- 
ously reported (31) with minor modifications. Briefly, cells 
were first resuspended for 5 min on ice in 200 |xl of frac- 
tionation buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 1 
mM EDTA) containing 0.05% Nonidet P-40 (NP-40) and 
supplemented with 1 mM Pefabloc (Roche), 1 mM Na3 VO4 
and 50 mM NAF. Following centrifugation at 1000 x g 
for 5 min, the supernatant was collected (fraction I), and 
pellets were incubated in 200 (jul of the same buffer sup- 
plemented with 100 mg/ml RNase A (Sigma) for 10 min 
at 20° C. The supernatant was collected as before (fraction 
II), and the nuclear pellets were further extracted for 40 
min on ice with 200 |xl of fractionation buffer containing 
0.5% Nonidet P-40. The extracts were clarified by centrifu- 
gation at 16 000 x g for 15 min (fraction III). The pellets 
were resuspended in 200 jxl extraction buffer supplemented 
with 1% Triton X-100 and 450 mM NaCl and sonicated 
(Bioruptor nextgen, Diagenode). Same aliquots of the frac- 
tions I-IV, derived from equivalent cell numbers for each 
culture conditions, were added to loading buffer, boiled and 
loaded on SDS-PAGE and then analysed by western blot 
as described above. Odyssey Infrared Imaging System was 
used for detection. GAPDH (glyceraldehyde 3-phosphate 
dehydrogenase) was used as a marker of the cytosolic and 
early extracted fractions, whereas histone H4 was used as a 
marker for the last fraction IV, enriched in chromatin (Sup- 
plementary Figure SI). 

Immunoprecipitation 

For immunoprecipitation experiments, shCTRL and sh- 
PARG cells were treated with 2 mM HU for 24 h. Cells were 
collected and resuspended in EBC lysis buffer (50 mM Tris- 
HCl pH 8, 120 mM NaCl, 0.1% NP-40, 1 mM EDTA, 50 
mM NaF, 1 mM Na 3 V0 4 and 1 mM Pefabloc), incubation 
in ice for 20 min followed by centrifugation at 14 000 x g 
at 4°C for 5 min. Immunoprecipitation was performed on 1 
mg of whole cell extracts. After a preclearing with protein A 
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Sepharose (GE Healthcare) for 1 h at 4°C, the cleared sus- 
pensions were incubated with either purified polyclonal rab- 
bit antibody anti-PAR (1:50, Trevigen) or rabbit anti-mouse 
antibody as control; for RPA2 immunoprecipitation 4 (xg of 
the mouse monoclonal anti-RPA2 antibody (ab2175, Ab- 
eam) or anti-HA (Santa Cruz) as control was used, and left 
in rotation overnight at 4°C, followed by 3-h incubation at 
4°C with protein A Sepharose. Beads were recovered by cen- 
trifugation at 4000 rpm at 4°C for 5 min and washed three 
times with the EBC buffer supplemented with inhibitors. Fi- 
nal pellets were resuspended in Laemmli buffer and boiled 
5 min. Samples were finally loaded onto 10% SDS-PAGE 
and analysed by western blot as described previously. 

In vitro PARylation and PAR binding assays 

Purified PARP-1 (500 ng) was incubated with 2.5 |xg of 
RPA or 3 |xg of GST at 25°C for 30 min in 35 fxl of 50 
mM Tris-HCl pH7.5 containing 0.5 |xCi [ 32 P]-NAD + and 
500 ng of DNAse I treated calf thymus DNA. Reaction 
products were separated on 8-20% gradient SDS-PAGE, 
proteins were stained with Coomassie Blue and exposed to 
Phosphorlmager screens and analysed with a Typhoon™ 
FLA 9500 biomolecular imager (GE Healthcare). For PAR 
binding (PAR-blot), RPA (2.5 |xg), GST (2 |xg) and core hi- 
stones (1 |xg each) were separated on 8-20% gradient SDS- 
PAGE and either stained by Coomassie Blue or transferred 
onto nitrocellulose membrane. The membrane was incu- 
bated 2 h at 25° C in PBS with non-radioactive PAR pre- 
pared as described (21). After extensive washing with PBS 
supplemented with 500 mM NaCl, the membrane was suc- 
cessively probed with 10H anti-PAR antibody (1:100) and 
Alexa Fluor 680 goat anti mouse antibody (1:20 000) and 
revealed using an Odyssey Infrared Imaging System. 

Electrophoretic mobility shift assay 

Assays were performed in 20 (jlI reaction in PBS at room 
temperature. For DNA and PAR pre-incubation exper- 
iments, 1 nM of an HPLC purified 50-mer 5' labeled 
Cy5.5 OligodT (Cy5.5-oligodT) DNA substrate (Sigma) 
was mixed with increasing amount of competing PAR (32 
ng/|xl) as indicated in figure legend, before addition of 1.7 
nM of RPA and incubation 30 min at 20°C. For DNA 
and RPA pre-incubation experiments, RPA (7 nM) was pre- 
incubated with 2.5 nM of the Cy5.5-oligodT probe for 15 
min before the addition of increasing amount of PAR (from 
4 to 192 ng, as indicated in the figure legend) and incuba- 
tion for 30 min at 23°C. Five microliters of loading buffer 
(40% glycerol, 0.01% Bromophenol blue in TBE 0.5 x) were 
added prior to electrophoresis (5 V/cm) on 1% agarose gel 
in TBE 0.5 x at 4°C for approximately 2 h. The fluorescent 
DNA was revealed by scanning the gel at 700 nm using an 
Odyssey Infrared Imaging System. Bands intensities were 
assessed with Image! 

Homologous recombination 

HR was performed as previously described (28). Briefly, 
U20S cells containing the HR reporter DR-GFP and 
the inducible mCherry-/-SceI-GR (U20S-DR-GFP- 



mCherry-/-SceI-GR) were transfected with 25 nM of 
the indicated siRNA (Dharmacon) with jetPRIME 
(Polyplus-transfection, France) following the manufac- 
turer's instructions. Twenty-four hours after, the same 
transfection was repeated and after further 48 h, cells were 
treated with 100 ng/ml of triamcinolone acetonide (TA, 
Sigma) to induce nuclear translocation of the mCherry-7- 
Scel-GR. Cells were harvested 2 days after and subjected 
to flow cytrometry analysis to examine recombination 
frequency by evaluation of GFP-positive cells out of the 
mCherry-positive cells. FACS analyses were done using the 
FACSCalibur and Cell Quest software (Becton Dickinson). 
Efficiency of the RNA depletion was verified by western 
blot or RT-qPCR (reverse transcription-quantitative 
polymerase chain reaction). 

Statistical analysis 

All experiments were performed at the minimum in tripli- 
cate, unless otherwise stated. Data are expressed as means 
± SD and were obtained by one-way analysis of variance 
followed by the Student's Mest. P values are indicated in 
the legend of each figure. 

RESULTS 

PARG-deficient cells display impaired S-phase progression 
upon long but not short HU exposure 

The impact of PARG deficiency on the replicative stress re- 
sponse was evaluated in HeLa cells constitutively depleted 
of all PARG isoforms (shPARG) and their respective con- 
trol (shCTL) described previously in Ame et al (6). The sh- 
PARG cell line displayed a decreased cell survival compared 
to shCTL after treatment with HU at concentrations rang- 
ing from 0.25 to 2 mM for 24 h (Figure 1 A), indicating that 
PARG deficiency sensitizes human cells to replicative stress. 

To investigate whether the higher sensitivity of the sh- 
PARG cells to HU was due to defects in the recovery from 
either stalled or collapsed forks, we compared the cell cy- 
cle distribution of shPARG and shCTL cell lines after HU 
treatments of different lengths. In the absence of treatment, 
the cell cycle profile of shPARG and shCTL cells was sim- 
ilar, indicating that PARG is dispensable for DNA repli- 
cation in unstressed conditions. Short HU treatment (less 
than 6 h) transiently stalls replication forks whereas long 
HU treatment (12-24 h) triggers replication fork collapse 
and generation of DSB (9,10). A similar cell cycle profile 
was observed for shPARG and shCTL at any time point af- 
ter the release from a short treatment with 2 mM HU for 4 
h (Figure IB). In contrast, shPARG cells treated with HU 
for a long time (2 mM for 24 h) showed a significant de- 
fect in S-phase recovery (Figure 1C): S-phase was globally 
slowed down (a 2-h delay is seen at 8 and 10 h post-release) 
and a G2/M arrest was observed 24 h after the release. In 
addition, some cells could not resume cell cycle progression 
after the prolonged HU treatment (see arrows). These re- 
sults suggest that PARG is dispensable for the restart of 
stalled replication forks but required for efficient recovery 
from replicative stress conditions known to trigger replica- 
tion fork collapse. 
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Figure 1. PARG-depleted cells are affected in S-phase progression after long but not short HU exposures. (A) Increased sensitivity of shPARG cells to HU. 
Cell survival analysis of shCTL (black) and shPARG (gray) cell lines after 24-h treatment with increasing concentrations of HU. Experiment shown is a 
representative out of four with each condition done in triplicate. Results are means ± SEM. (B) PARG is dispensable for S-phase recovery and progression 
after short HU treatments. shCTL and shPARG cells were treated with 2 mM HU for 4 h, released into fresh medium (0 h, labeled as HU 4 h) for the 
indicated time points and their DNA content was analysed by flow cytometry. The percentage of cells in Gl, S, G2/M (noted G2) is indicated. (C) PARG 
depletion impacts S-phase restart and progression after a prolonged HU treatment. shCTL and shPARG cells were treated with 2 mM HU for 24 h, released 
into fresh medium (0 h, labeled as HU 24 h) and analysed as in panel B. Untreated logarithmically growing cells are presented as controls (NT). 



Increased PAR formation and yH2AX signal in HU-treated 
PARG-deficient cells 

To investigate whether the S-phase delay upon long HU 
treatment was associated with an accumulation of pro- 
longed stalled forks and DSB, we analysed PAR formation 
and 7 H2AX accumulation. Although PAR could not be de- 
tected in shCTL cells by western blot after treatment with 
2 mM HU for 24 h, PARG-deficient cells showed a strong 
accumulation of PAR that persisted for at least 2 h after the 
release (Figure 2A). At 8 and 10 h after the release, PAR 
levels were reduced in shPARG cells but still significantly 
higher than in shCTL cells. This dissipation of PAR over 
time could be due to some residual PARG enzymes or to 
the possible activity of the other PAR-degrading enzyme 
ARH3 (32). By immunofluorescence, HU-treated shCTL 
cells mainly showed low levels of PAR production (20 ± 5%, 
Figure 2B and see high magnification of cells in Figures 2D 
and 6A) while HU-treated shPARG cells displayed higher 
levels of PAR, with 43 ± 13% of cells characterized by a 
very strong PAR accumulation, a typical sub-population 
not present in the HU-treated shCTL cells. After release 
from the HU treatment, PAR levels gradually decreased in 
both cell lines, with some shPARG cells still maintaining 
high levels of PAR (16 ± 6% and 12 ± 3%, 2 and 8 h after the 
release from the HU treatment, respectively, Figure 2B). In 
the subsequent experiments of this study, we categorized the 



shPARG cells according to their PAR levels, either display- 
ing no or low PAR (noted as PAR—/ +), or high PAR (noted 
as PAR++). For shCTL cells, we used a unique PAR— /+ 
(no or low PAR) category. FACS analyses confirmed that 
a significant proportion of the HU-treated shPARG cells 
blocked in early S-phase produced high levels of PAR up 
to 6 h after the release (Figure 2E). Immunodetection of 
7 H2AX by western blot (Figure 2A) and by immunofluo- 
rescence (Figure 2C and D) showed that both cell lines re- 
sponded to HU by the phosphorylation of H2AX that was 
maintained several hours after the release but shPARG cells 
showed higher levels of 7 H2AX compared to shCTL cells. 
The shPARG cells displaying high PAR levels also showed 
a strong 7 H2AX staining throughout the release from HU 
treatment (Figure 2F). Of note, even in cells displaying dis- 
crete 7H2AX foci, no significant co-localization with PAR 
could be noticed (Figure 2D). Collectively, these results sug- 
gest that in shPARG cells, prolonged replicative stress leads 
to higher levels of DSB arising from replication fork col- 
lapse accompanied by the accumulation of 7H2AX and 
PAR. 

Persistence of S-phase checkpoint activation in high PAR 
HU-treated shPARG cells 

The difference between shPARG and shCTL in S-phase re- 
covery from prolonged replicative stress prompted us to ex- 
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Figure 2. Increased PAR synthesis and H2AX phosphorylation in HU-treated shPARG cells. (A) Massive and persistent accumulation of PAR and 
enhanced phosphorylation of 7H2AX in shPARG cells treated with 2 mM HU for 24 h and release into fresh medium for the indicated time points. 
Equivalent amount of total cell extracts was analysed by western blotting using the indicated antibodies. C: shCTL; P: shPARG; NT: untreated. The band 
above 75 kDa detected with the anti-PAR antibody in all samples is non-specific. (B) Evaluation by immunofluorescence of PAR cellular levels in shCTL 
and shPARG cells either untreated (NT) or treated with 2 mM HU for 24 h (HU 24 h) and further released for 2 or 8 h as indicated in the figure. The 
histogram depicts the percentage of cells displaying no PAR staining (— , light gray bar), low levels of PAR (+, gray bar, see D) or very high levels of PAR 
(++, black bar, see D). An average of 500 cells per condition were scored in randomly selected fields. Mean values of seven independent experiments ± SD 
are shown. (C) Evaluation by immunofluorescence of 7H2AX cellular levels in shCTL and shPARG cells either untreated (NT) or treated with 2 mM HU 
for 24 h (HU 24 h) and further released for 2 or 8 h as indicated in the figure. The histogram depicts the percentage of cells displaying no 7 H2AX staining 
(— , light gray bar), 7H2AX foci (+, gray bar, see D) or pan 7H2AX staining (++, black bar, see D). An average of 500 cells per condition were scored 
in randomly selected fields. Mean values of three independent experiments ± SD are shown. (D) Representative immunofluorescence images of the PAR 
and 7H2AX cellular level classifications, taken from shPARG cells treated with 2 mM HU for 24 h: low PAR (+, green), high PAR (++, green), 7H2AX 
foci (+, red) and pan 7H2AX staining (++, red). The anti-PAR and anti-7H2AX signals are merged, showing no significant co-localization. The nuclei 
are counterstained with Dapi. (E) PAR production in HU-treated shPARG visualized by flow cytometry. shCTL and shPARG cells treated with 2 mM 
HU for 24 h and released in fresh medium for the indicated times were subjected to immunolabeling of PAR using mouse monoclonal antibody, DNA 
staining with propidium iodide, and analysed by flow cytometry. The percentage of high PAR producing cells blocked in early S-phase after the release 
from HU treatment is calculated from the ellipse presented in the FACS diagrams. (F) The enhanced PAR and 7H2AX produced in HU-treated shPARG 
cells is confirmed by immunofluorescence. Immunodetection of PAR and 7 H2AX with appropriated antibodies in fixed shCTL and shPARG cells treated 
or untreated with 2 mM HU for 24 h and released for 2 or 8 h as indicated in the figure. Nuclear DNA is counterstained with Dapi. White arrows point to 
high PAR cells positive for 7 H2AX staining. 
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amine the activation of the replicative stress checkpoint in 
response to HU treatment. Activation of this checkpoint re- 
lies on the ATR kinase that phosphorylates Chkl on Ser- 
ine 345 and the ssDNA-binding protein RPA2 on S33 (33- 
35). By western blot, we observed similar phosphorylation 
of Chkl on S345 (Figure 3A) and of RPA2 on S33 (Figure 
3B) in shCTL and shPARG cells in conditions of transient 
replication stress (HU treatment for 20 min to 4 h), con- 
sistent with PARG being dispensable for the activation of 
checkpoint and recovery from transient replication stress 
(Figure IB). After 4 h of HU, hyperphosphorylation of 
RPA2 was detected with anti-RPA2, anti-P-S33 and anti-P- 
S4S8 antibodies (Figures 3B and 4A), indicating that fork 
collapsing started to take place, in agreement with Sirbu 
et al (36). When the replication stress persisted upon long 
time (HU treatment 2 mM for 24 h), phosphorylation of 
Chkl on S345 was detected by western blot in both HU- 
treated shCTL and shPARG cells (Figure 3C). A slower 
migrating band detected with the anti-S345-P-Chkl anti- 
body remained at higher levels after release in the shPARG 
cells, suggesting that the checkpoint activation could per- 
sist in at least a fraction of the damaged shPARG cells. 
A detailed analysis by immunofluorescence revealed that 
whereas the proportion of cells displaying S345-P-Chkl sig- 
nal progressively decreased with time after the release from 
HU-treatment in shCTL cells, it remained higher in the sh- 
PARG cells producing limited amounts of PAR (PAR- /+). 
Only 14 ± 3% of shCTL cells were still positive for S345- 
P-Chkl phosphorylation at 8 h, compared to 44 ± 2% of 
the shPARG cells with low PAR levels (Figure 3D and E), 
supporting the delay in S-phase progression of shPARG 
cells released from prolonged HU treatment (Figure 1C). A 
clear correlation between persistent S345-Chkl phospho- 
rylation and high PAR level was noticed (Figure 3D, ar- 
rows), since the high PAR shPARG cells (PAR++) were al- 
most all P-S345-Chkl positive (Figure 3D, arrows, and E). 
Of note, no significant co-localization between PAR and P- 
S345-Chkl was noticed (Figure 3D, see high magnification 
panels). These results support the hypothesis that the cells 
accumulating high amount of PAR do not resume replica- 
tion due to persistent checkpoint activation. 

Decreased hyperphosphorylation and chromatin loading of 
RPA after prolonged HU treatment in shPARG cells 

The DSB generated upon fork collapse after long-lasting 
stall are essentially repaired by the HR pathway, using ho- 
mologous DNA sequences as a template for re-synthesis 
of the sequence containing the break (35). First, MRE11 
forming a functional complex with RAD50 and NBS1 (the 
MRN complex) initiates DNA resection starting from the 
DSB. Resection is further extended on both directions by 
MRE11, CtIP and Exol to generate 5' overhang ssDNA 
rapidly coated by the trimeric protein RPA to protect it. 
RPA2 becomes hyperphosphorylated on S4 and S8, mainly 
by DNA-PK (33,34,37,38). Therefore, RPA foci formation 
and hyperphosphorylation are commonly used as readouts 
of efficient resection (39,40). To evaluate the impact of 
PARG deficiency in HR, we monitored the phosphoryla- 
tion of RPA2 on S4S8 in shPARG and shCTL cells fol- 
lowing treatment with 2 mM HU for the indicated times 



(Figure 4A). Whereas S4S8 phosphorylation was strongly 
induced after 12 and 24 h of HU treatment in shCTL, it 
was dramatically impaired in shPARG cells (Figure 4A, up- 
per panel). This was correlated with the strong decrease of 
the slow migrating band detected with anti-RPA2 antibody 
and representing the hyperphosphorylated form of RPA2 
(41). This strong reduction of RPA2 hyperphosphorylation 
in HU-treated shPARG did not result from a delayed phos- 
phorylation, since lower levels were observed all along the 
release from an HU treatment of 24 h (Figure 4B). In agree- 
ment with previous reports (36,37), the phosphorylation of 
RPA2 on S4S8 was mainly due to DNA-PK since cell pre- 
treatment with the specific DNA-PK inhibitor NU7441 at 
10 |xM strongly decreased RPA2 hyperphosphorylation in 
both shCTL and shPARG (Figure 4C, compare lane 7 with 
5 and lane 8 with 6). The deficiency in RPA2 S4S8 phospho- 
rylation in shPARG cells was not due to a defective DNA- 
PK activity, since DNA-PK was still capable to phospho- 
rylate its other substrate H2AX after HU in these cells, as 
illustrated by the strong decrease of 7H2AX in shPARG 
cells treated with NU7441, similar to shCTL cells (Figure 
4C, compare lane 8 with lane 6). 

To investigate in more details the involvement of PARG 
in the regulation of RPA2 hyperphosphorylation, we exam- 
ined by immunofluorescence RPA foci formation in both 
cell lines. We observed RPA2 and P-S4S8-RPA2 foci in 
shCTL cells after 24 h of HU treatment, as expected (Fig- 
ure 4D and E, respectively). In contrast, only shPARG cells 
with undetectable or low PAR (PAR-/+), but not high 
PAR (PAR++) showed RPA2 or P-S4S8-RPA2 foci (Figure 
4D and E, respectively). A clear inverse correlation was ob- 
served between RPA2 or P-S4S8-RPA2 foci formation and 
PAR accumulation since 75% of the shPARG cells with high 
PAR levels (PAR++) did not show P-S4S8-RPA2 foci after 
the HU treatment, and almost all of them after the release 
(Figure 4F). To determine whether PARG modulates the re- 
cruitment of RPA2 onto chromatin, we next evaluated the 
chromatin loading of RPA2 and its hyperphosphorylated 
form in response to 2 mM HU for 24 h (Figure 4G). Cell 
fractionation was performed according to Cheng et al (31) 
using successive detergent extractions to separate loosely 
bound proteins (fractions I and II) from less extractable and 
chromatin-enriched fractions (fractions III and IV, respec- 
tively). GAPDH and histone H4 were used as markers of 
soluble and chromatin fractions, respectively (Supplemen- 
tary Figure SI). In HU-treated shCTL cells, RPA2 accumu- 
lated and persisted in the chromatin-enriched fraction in its 
hyperphosphorylated form (Figure 4G, lane 4). In contrast, 
in HU-treated shPARG cells, RPA2 remained mainly in the 
early extracted fractions in its unphosphorylated form (Fig- 
ure 4G, lane 8). Taken together, these results reveal that 
PARG deficiency impairs RPA2 hyperphosphorylation on 
S4S8 and RPA recruitment onto chromatin in response to 
a prolonged HU treatment. 

Homologous recombination is impaired in high PAR HU- 
treated shPARG cells 

To evaluate the consequence of PARG deficiency and de- 
fective RPA2 loading onto chromatin on the HR-mediated 
recovery from prolonged replication fork stalling, we exam- 
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Figure 3. Normal checkpoint activation in HU-treated shPARG cells, but persistent checkpoint activation in high PAR cells after prolonged HU exposure. 
(A) Efficient phosphorylation of Chkl on S345 in shPARG cells treated with 2 mM HU for 1 or 2 h. Equivalent amount of total cell extracts were analysed 
by western blotting using the indicated antibodies. C: shCTL; P: shPARG; NT: untreated. (B) Normal phosphorylation of RPA2 at S33 in shPARG cells 
treated with 2 mM HU for the indicated time points, examined by western blotting as described in A using the indicated antibodies. (C) Phosphorylation 
of Chkl on S345 in shPARG and shCTL cells treated with 2 mM HU for 24 h and released into fresh medium for the indicated time points, and examined 
by western blotting as described in A using the indicated antibodies. (D and E) Persistence of Chkl phosphorylation on S345 in shPARG with high PAR 
levels. (D) Immunofluorescence of P-S345 Chkl and PAR with appropriated antibodies in fixed cells that were treated with 2 mM HU for 24 h and released 
for 2 or 8 h, or left untreated. Nuclear DNA is counterstained with Dapi. White arrows point to high PAR cells positive for P-S345 Chkl staining. Higher 
magnifications of the PAR and P-S345-Chkl immunofluorescence detections in an shPARG cell treated with 2 mM HU for 24 h are shown, with the 
merged signals showing no significant co-localization. (E) Histogram showing the percentage of P-S345-Chkl stained (black bar) or not (light gray bar) 
in shCTL or shPARG cells relative to their PAR cellular levels and categorized in either no and low PAR (-/+) or high PAR (++) levels. More than 500 
nuclei in each condition were scored, bars represent the mean values measured with ImageJ software from three independent experiments ± SD. 



ined the recruitment of RAD51 onto chromatin and for- 
mation of RAD51 foci following an HU treatment of 24 h 
and after different release time points. By subcellular frac- 
tionation, we observed that the presence of RAD51 in both 
fractions III and IV increased with time after the release 
from HU treatment in both shCTL and shPARG cell lines 
(Figure 5A). RAD51 loading onto chromatin was, how- 
ever, not obviously altered in shPARG cells compared to 
shCTL cells (Figure 5A). By immunofluorescence, RAD51 
foci were detected in shPARG cells with undetectable or low 
PAR (PAR-/+) cells at comparable levels than in shCTL 
cells (Figure 5B and C) confirming that HR-mediated repair 
of HU-induced DSB is globally not affected in shPARG 
cells. However, cells with high PAR levels (PAR++) were 
almost devoid of RAD51 foci, in agreement with the defec- 
tive RPA2 foci formation, indicating that the HR-mediated 
repair process is non-functional in this population of HU- 
treated shPARG cells (Figure 5B and C). These results sug- 
gest that HR-mediated repair of HU-induced persistently 
stalled replication forks is functional when only limited 
amounts of PAR are produced in HU-treated shPARG. In 



contrast, shPARG cells accumulating high PAR levels could 
not recover replication-induced DSB by HR. 

To evaluate whether PARG is required for the HR pro- 
cess itself, we used the HR-inducible U20S-DR-GFP cells 
stably expressing the mCherry-/-SceI-GR fusion protein 
(28). Reconstitution of GFP after /-Scel-dependent HR 
was monitored by flow cytometry in cells transfected with 
siRNA targeting PARG or BRCA1, or scramble siRNA 
(Figure 5D). The knockdown efficiency was verified by 
western blot and RT-qPCR (Supplementary Figure S2). 
BRCA1 depletion dramatically reduced HR efficiency to 
0.12 ± 0.01 compared to scrambled control siRNA (SCR), 
as expected for a key actor of this repair process and accord- 
ing to Ransburg et al (42) and PARG depletion reduced HR 
to 0.76 ± 0. 1 1 (P = 0.008 versus SCR). This result indicates 
that PARG is not essential but facilitates the HR process. 

Persistence of massive ssDNA in high PAR HU-treated sh- 
PARG cells 

The next step was to identify the cause of the defective 
RPA2 loading onto chromatin in shPARG cells upon pro- 
longed replicative stress. Since S4S8-phosphorylation of 
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RPA2 is commonly used as a marker of effective DNA end 
resection (39,40), a flawed resection activity could explain 
the reduced RPA2 hyperphosphorylation and RPA loading 
detected in HU-treated shPARG cells. We thus looked at ss- 
DNA formation using the assay based on BrdU immunode- 
tection in the absence of DNA denaturation (30) (Supple- 
mentary Figure S3 A). BrdU was not detected in untreated 
cells, but could be detected after prolonged HU treatment 
in both shCTL and shPARG cells (Supplementary Figure 
S3B, middle and right panels, respectively), suggesting the 
formation of ssDNA. Quantification of all BrdU-positive 



cells revealed no differences between HU-treated shCTL 
and shPARG cells at any time point examined after the re- 
lease (Figure 6A and B), suggesting that resection is glob- 
ally functional in HU-treated PARG-deficient cells. How- 
ever, when focusing on high BrdU-positive cells (BrdU++, 
Figure 6A) that were detected in both cell lines at similar 
proportion just after the HU treatment, we observed that 
these cells persisted several hours after the release only in 
shPARG cells whereas they gradually decreased in number 
and almost disappeared 8 h after the release from HU treat- 
ment in shCTL cells (Figure 6C). These persisting strong 
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BrdU-positive shPARG cells were those displaying high 
amount of PAR (PAR++) and still present after the re- 
lease from HU-treatment (Figure 6A). Two non-exclusive 
hypotheses could explain this strong BrdU signal: an in- 
creased resection or a global destabilization of chromatin 
structure due to the accumulation of PAR favoring DNA 
accessibility to immunodetection (43). 

To challenge the first hypothesis, and since PARP- 1 was 
shown to facilitate the recruitment of the resecting enzyme 
MRE11 to DSB and at stalled replication forks (12,44), 
we examined the HU-induced recruitment of MRE1 1 onto 
chromatin by subcellular fractionation. Mobilization of 
MRE11 to less extractable and chromatin fractions was 
comparable for both cell lines (Figure 6D), supporting the 
fact that resection is globally not affected by the absence 
of PARG in conditions of prolonged HU treatment. To 
evaluate the contribution of MRE11 resecting activity in 
HU-treated cells, we inhibited MRE11 nuclease activity 
with 20 |xM mirin. Mirin strongly decreased the phospho- 



rylation of RPA2 on S4S8 in HU-treated shCTL cells, as 
expected (Supplementary Figure S4), but did not signifi- 
cantly decrease the level of S4S8 phosphorylation that was 
already low in HU-treated shPARG cells (Supplementary 
Figure S4). In contrast, mirin significantly decreased the 
HU-induced phosphorylation of H2AX in both shCTL and 
shPARG cells (Supplementary Figure S4), indicating that 
MRE1 1 activity is functional in both HU-treated cell lines 
and partly contributes to the phosphorylation of H2AX, 
most likely via its activating effect on ATM (45). By im- 
munofluorescence, MRE11 foci were rather difficult to de- 
tect after HU treatment in our cellular model, precluding 
from quantitative analyses. However, we could clearly ob- 
serve that in HU-treated shPARG cells, MRE11 foci could 
be detected in low PAR producing cells as well as in shCTL 
cells, but not in the high PAR-positive shPARG cells (Fig- 
ure 6E), suggesting impaired recruitment in these cells, Us- 
ing mirin, we evaluated the contribution of MRE1 1 activity 
on the formation and clearance of HU-induced high-BrdU- 
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detected without DNA denaturation, expressed as percentage of the total cells analysed. More than 500 cells per condition were scored; mean values of 
three independent experiments ± SD are shown. *P: < 0.05; **: P < 0.01. (C) The graph depicts the proportion of shCTL and shPARG cells showing a 
strong BrdU signal without DNA denaturation (noted ++ in A), and scored as in B. (D) MRE1 1 mobilization onto chromatin is globally not affected in 
shPARG cells incubated with 2 mM HU for 24 h and further released or not into fresh medium for 2 or 8 h. Same number of untreated or HU-treated shCTL 
and shPARG cells was collected, fractionated as described in the "Materials and Methods" section leading to fractions I to IV. Equivalent cell numbers of 
each fraction were analysed by western blotting using an anti-MREl 1 antibody. (E) MRE1 1 foci formation is observed in HU-treated shPARG cells with 
low but not high PAR levels. shCTL and shPARG cells were treated with 2 mM HU for 24 h and processed for immunofluorescence using anti-MREl 1 
and anti-PAR antibodies after a pre-extraction step, as described in "Materials and Methods" section. Representative cells with low PAR (PAR-/+), high 
PAR (PAR++), MRE1 1 foci (MRE1 1+) and no MRE1 1 foci (MRE1 1-) are shown. (F) The graph depicts the proportion of cells showing a strong BrdU 
signal without DNA denaturation (BrdU++), in shCTL and shPARG cells treated with HU 2 mM for 24 h and released for 2 or 8 h in fresh medium. 
When indicated, the HU treatment and release were performed in the presence of the MRE1 1 inhibitor mirin (Mi) or the PARP inhibitor KU0058948 (Pi, 
PARPi). Results are expressed as percentage of the total cells analysed. More than 500 cells per condition were scored; mean values of three independent 
experiments ± SD are shown. *P: < 0.05. 
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positive (BrdU++) cells (Figure 6F). Mirin reduced the pro- 
portion of BrdU++ cells in both cell lines but the decrease 
was statistically significant only in shCTL cells at 24 h of 
HU. At 2 and 8 h after the release from HU, BrdU++ cells 
almost disappeared in shCTL cells. In shPARG cells, the 
presence of mirin reduced, however not significantly, the 
proportion of BrdU++ cells, never reaching the low level 
of BrdU++ cells observed in shCTL cells, indicating that 
MRE11 activity cannot be solely responsible for the high 
persistent ssDNA in these cells. Taken together, these re- 
sults indicate that resection is globally not affected in HU- 
treated shPARG cells with low PAR levels. In contrast, in 
the high PAR shPARG cells, resection seems however af- 
fected (MRE11 foci formation is impaired and only mod- 
erate effect of mirin), and can therefore not explain the de- 
layed clearance of cells with massive ssDNA. 

An alternative explanation for the delayed clearance of 
high BrdU cells in HU-treated shPARG cells could orig- 
inate from the massive PAR level directly increasing the 
BrdU accessibility. To test this possibility, we scored the 
formation and clearance of BrdU++ cells when HU treat- 
ment was performed in the presence of the PARP inhibitor 
KU0058948 at 200 nM (+PARPi, Figure 6F). Whereas 
PARP inhibition had almost no impact on the proportion of 
BrdU++ cells in both cell lines treated with HU for 24 h, it 
dramatically reduced the proportion of BrdU++ cells in sh- 
PARG cells released for 2 h and 8 h from the HU treatment, 
now reaching the same level of BrdU++ cells observed in 
shCTL cells. This result supports the hypothesis that mas- 
sive PAR level directly increases ssDNA accessibility. 

High PAR prevents the accumulation of RPA2 onto chro- 
matin in HU-treated shPARG cells 

If ssDNA accessibility is increased in HU-treated shPARG 
cells with high PAR level, then why RPA loading onto 
this ssDNA is impaired? A likely hypothesis is that high 
PAR/PARP-1 activity could directly act on RPA. Both 
RPA subunits RPA1 and RPA2 have been shown to be tar- 
gets for PARylation, particularly in response to DNA dam- 
age (46,47). To test this hypothesis, we performed an im- 
munoprecipitation of HU-treated shCTL and shPARG cell 
extracts using an anti-PAR antibody and analysed the co- 
immunoprecipitation of PARP- 1 and RPA subunits. PARP- 
1 was precipitated at higher levels in HU-treated shPARG 
cells than in HU-treated shCTL cells, as expected (Figure 
7A). Both RPA1 and RPA2 were pulled down more ef- 
ficiently from HU-treated shPARG cells than from HU- 
treated shCTL cells, suggesting that RPA could be highly 
PARylated in HU-treated shPARG cells. Alternatively, the 
non-covalent binding of RPA to PAR would also lead 
to increased co-immunoprecipitation with anti-PAR an- 
tibody in HU-treated shPARG cells. However, the smear 
formed by RPA1 immunoprecipitated with anti-PAR anti- 
bodies strongly supports RPA1 PARylation. We then eval- 
uated whether RPA could be PARylated or could bind non- 
covalently to PAR in vitro, using recombinant proteins. In- 
cubation of recombinant trimeric RPA (48) with PARP- 
1 in the presence of 32 P-NAD + and fragmented DNA re- 
vealed that all three RPA subunits, but not the negative 
control GST, could be efficiently PARylated by PARP-1, 



with RPA1 being the major target for PARylation (Figure 
7B). PAR-blot assays revealed that only RPA1 was able to 
bind PAR non-covalently akin to the positive controls his- 
tones H2B, H3 and H4 (Figure 7C). Altogether, these re- 
sults indicate that RPA is not only a target for PARyla- 
tion, it can also bind PAR non-covalently. Next, we im- 
munoprecipitated RPA2 from HU-treated shCTL and sh- 
PARG (Figure 7D) and revealed that although RPA1 could 
be co -immunoprecipitated in both cells lines, PARylated 
proteins detected with the anti-PAR antibody as a smear 
were co-immunoprecipitated at higher levels in shPARG 
cells compared to shCTL cells (Figure 7D). This demon- 
strates that RPA associates with PARylated proteins in HU- 
treated shPARG. Finally, we evaluated the impact of PAR 
on RPA binding to ssDNA using electrophoretic mobility 
shift assays (EMSA) with recombinant trimeric RPA and a 
single-stranded 50-mer oligo-dT. Whereas the presence of 
low amounts of free PAR molecules appeared to favor RPA 
binding to DNA (Figure 7E, lanes 3 and 4, free DNA is 
decreased), higher amounts of PAR had the opposite ef- 
fect decreasing RPA binding, indicated by the increase in 
free DNA (lanes 5-11). When RPA was first pre-incubated 
with DNA before the addition of PAR, results were com- 
parable, with low amounts of PAR rather stimulating RPA 
binding to DNA (Figure 7F, lanes 3-7, note the significant 
decrease in free DNA) whereas higher PAR levels decreased 
RPA binding to DNA (lanes 8-11, free DNA is increased). 
Taken together, these in vitro and in vivo experiments suggest 
that low PAR level does not affect RPA accumulation onto 
ssDNA and could even favor it, whereas strong PARylation 
prevents RPA accumulation onto ssDNA, because of both 
increased PARylation of RPA and non-covalent binding of 
RPA to the excessive PAR. 

PARP inhibition restores RPA2 hyperphosphorylation and 
mobilization onto chromatin in HU-treated shPARG cells 

To further examine the contribution of PAR in the de- 
creased recruitment of RPA onto chromatin, we treated 
shCTL and shPARG cells with 2 mM HU for 24 h in the 
presence of the PARP inhibitor KU0058948 at 200 nM. The 
complete prevention of PAR synthesis in HU-treated sh- 
PARG cells confirmed efficient inhibition of PARPs (Fig- 
ure 8 A, lanes 5 and 6). PARP inhibition restored RPA2 hy- 
perphosphorylation on S4S8 (Figure 8A, compare lanes 6 
with lane 4) and its accumulation on the chromatin frac- 
tion (Figure 8B, compare line 16 with line 12) in HU-treated 
shPARG cells. Altogether, these results demonstrate that 
the accumulation of PAR in shPARG cells upon prolonged 
replicative stress dramatically affects RPA2 loading onto 
chromatin and hyperphosphorylation. 

DISCUSSION 

In this work we have shown that PARG is dispensable for 
DNA replication in unstressed conditions and from re- 
covery from transiently stalled replication forks. Indeed, 
PARG-deficient cells displayed normal S-phase progression 
after release from a short HU treatment and normal check- 
point activation (phosphorylation of Chkl at S345 and 
RPA at S33). The similar phosphorylation of RPA2 at S33 
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Figure 7. RPA binding to DNA is directly affected by PAR. (A) Anti-PAR antibodies co-immunoprecipitated RPA2 and RPA1 subunits of RPA at higher 
levels from HU-treated shPARG cells compared to shCTL cells. Cell extracts from shCTL (C) and shPARG (P) cells treated with 2 mM HU for 24 h were 
immunoprecipitated with anti-PAR antibodies. The presence of PARP-1, RPA1 and RPA2 in the anti-PAR immunoprecipitates (IP PAR, lanes 3 and 4), 
in the control immunoprecipitates using rabbit anti-mouse antibody (IP IgG, lanes 1 and 2) and in the input (lanes 5 and 6, corresponding to 5% of the 
lysate) was assessed by western blotting using the indicated antibodies. The asterisk points to a non-specific band. (B) PARP-1 PARylated by RPA mostly 
on RPA1 subunit. The trimeric RPA (2.5 |xg, lanes 2, 3, 5 and 6) was incubated with 0 (lanes 2 and 5) or 500 ng of PARP-1 (lanes 3 and 6) for 30 min at 
25° C in the presence of 32 P-NAD + and DNAse I-activated calf thymus DNA. As negative control, PARP-1 was incubated with GST (2 |xg) (lanes 4 and 7). 
Reaction products were analysed by 8-20% SDS-PAGE and autoradiography (right panel) of the Coomassie blue-stained and dried gel (left panel). Lane 
1: molecular weight marker. (C) RPA binds non-covalently to PAR. RPA complex (2.5 juLg, lanes 2 and 6), GST (2 |xg, lanes 3 and 7), H2A and H3 (1 |xg 
each, lanes 4 and 8) and H2B, H4 (1 |xg each, lane 5 and 9) were separated on 8-20% SDS-PAGE and either stained with Coomassie blue (left panel) or 
blotted onto nitrocellulose membrane, renaturated and incubated with free PAR. Bound PAR was detected by immunodetection using anti-PAR antibody 
(right panel, PAR-blot). Lane 1: molecular weight marker. (D) PARylated proteins are co-immunoprecipitated with RPA2 in HU-treated shPARG cells. 
Cell extracts from shCTL (C) and shPARG (P) cells treated with 2 mM HU for 24 h were immunoprecipitated with anti-RPA2 antibodies as described in 
"Material and Methods" section. The presence of PARylated proteins, RPA1 and RPA2 in the anti-RPA2 immunoprecipitates (IP RPA2, lanes 3 and 4), 
the control immunoprecipitates using mouse anti-HA antibody (IP IgG, lanes 1 and 2) and the input (lanes 5 and 6, corresponding to 5% of the lysates) 
was assessed by western blotting using the indicated antibodies. The asterisk points to non-specific bands. (E and F) EMSA analyses showing that RPA 
binding to ssDNA is favored by low levels but counteracted by high levels of PAR. (E) PAR competes with DNA for RPA. RPA (1.7 nM) was incubated 
with 1 nM of a Cy5.5-oligodT probe (50-mer) and increasing concentrations of PAR (lanes 3-11: from 8 ng in lane 3, doubled each point to 256 ng in lane 
12) for 30 min at RT, complexes were separated by 1% native agarose gel electrophoresis and observed at 680 nm on Odyssey Infrared Imaging System. 
Lane 1: DNA only; lane 2: no PAR. F. High PAR levels dislodge RPA from DNA. RPA (7 nM) was pre-incubated with 2.5 nM of a Cy5.5-oligodT probe 
for 15 min before the addition of increasing concentrations of PAR (from lane 3 to 1 1: 4, 8, 16, 32, 48, 64, 96, 128, 192 ng, respectively) and incubation for 
30 min at 23°C. Complexes were separated by 1% native agarose gel electrophoresis and observed at 680 nm on Odyssey Infrared Imaging System. Lane 
1: DNA only; lane 2: no PAR. 
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Figure 8. PARP inhibition restores the hyperphosphorylation and chro- 
matin association of RPA2 in HU-treated shPARG cells. (A) Restoration 
of the hyperphosphorylation of RPA2 at S4S8 in shPARG cells treated with 
2 mM HU for 24 h in the presence of a PARP inhibitor. Equivalent amount 
of cell extracts prepared from shCTL (C) or shPARG (P) cells untreated 
(NT) or treated with 2 mM HU for 24 h (+HU) in absence or presence 
of 200 nM of the PARP inhibitor KU0058948 (+PARPi) as described in 
"Material and Methods" section, were analysed by western blotting using 
the indicated antibodies. (B) RPA2 loading onto chromatin is restored in 
shPARG cells treated with 2 mM HU for 24 h in the presence of a PARP 
inhibitor. shCTL and shPARG cells either untreated or treated with 2 mM 
HU 24 h and released into fresh medium for 2 or 8 h, in the absence (— ) 
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collected, fractionated as described in the "Materials and Methods'" sec- 
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were analysed by western blotting using an anti-RPA2 antibody. 



in shPARG and shCTL cells implies that RPA is normally 
recruited to the stalled replication forks, reflecting unaltered 
stabilization of these stalled forks and resection. This is 
in agreement with the observed similar ssDNA formation 
monitored by BrdU staining in both cell lines after 4 h of 
HU treatment. Only limited PAR is produced in shPARG 
cells after short HU incubation. Recently, PARP-1 activity 
was reported to promote the accumulation and stabilization 
of regressed replication forks upon exposure to sub-lethal 
doses of topoisomerase I inhibitors, to prevent fork collapse 
and DSB formation but also premature restart in condi- 
tions of mild replication stress (20). In addition, PARP-1 
was shown to protect HU-mediated stalled replication forks 
from excessive resection by MRE1 1 (17). Even if nucleotide 
deprivation by HU and topoisomerase I/DNA covalently 
linked-lesions are not equivalent, the fact that PARG defi- 
ciency has no impact on recovery from HU-mediated tran- 
sient replicative stress suggests that a moderate increase in 
PAR production by PARP-1 would not be detrimental to 



cellular processes. This is in agreement with our previous 
findings showing that PAR produced in shPARG cells in the 
absence of massive exogenous genotoxic stress had rather a 
protective effect toward genome integrity and telomere sta- 
bility (6). 

However, PARG deficiency delays recovery from persis- 
tent replication stress triggered by prolonged HU treat- 
ment, with some cells even not resuming S-phase progres- 
sion. These blocked cells displayed high PAR levels and con- 
tinuous phosphorylation of Chkl on S345, supporting the 
fact that they did not resume cell cycle progression. Our re- 
sults are in agreement with the recent findings that replica- 
tive stress-mediated Chkl activation can be directly regu- 
lated by PAR molecules (13). These HU-treated shPARG 
cells with high PAR levels also showed high 7 H2AX, sug- 
gesting increased replication fork collapsing upon persistent 
replicative stress. A recent study from Shirai et al (22) also 
reported an S-phase arrest and an increase in DSB forma- 
tion in Parg _/_ mouse ES cells or PARG knockdown pan- 
creatic cancer cells treated with an alkylating agent which 
leads to high PAR levels in these PARG-deficient cells. Sim- 
ilarly, we observed that when shPARG cells were treated 
in S-phase with the alkylating agent TV-methyl TV'-nitro-TV- 
nitrosoguanidine (MNNG), recovery of S-phase progres- 
sion was altered and some cells were not able to restart cell 
cycle progression at all (data not shown), akin to what was 
observed upon prolonged HU treatment. Therefore, accu- 
mulation of high PAR levels upon PARG deficiency can re- 
flect the accumulation of DSB in S-phase, arising from con- 
version of SSB to DSB upon alkylation treatment or from 
the collapse of persistently stalled forks upon prolonged 
HU treatment. 

Prolonged HU treatment leading to replication fork col- 
lapse triggers the hyperphosphorylation of RPA2 on S4S8 
(33-35,37,38,49). P-S4S8 RPA2 hyperphosphorylation was 
indeed observed in shCTL cells but strongly impaired in 
shPARG cells. This defect did not originate from a de- 
fective activity of the main kinase involved in this phos- 
phorylation, DNA-PK (37,50,51), since the HU-induced 
phosphorylation of 7H2AX in shPARG cells was as sen- 
sitive to the DNA-PK inhibitor NU7441 as that in shCTL 
cells. This observation also confirms that DNA-PK is one 
of the main trigger of H2AX phosphorylation at persis- 
tently stalled forks, the other kinase being ATM (36). The 
fact that increased PARylation in shPARG cells does not 
alter DNA-PK activity is in agreement with a previous 
study reporting that DNA-PK is rather activated by PARy- 
lation (52,53). RPA2 associated with ssDNA is more acces- 
sible to kinases activity than free protein, a consequence of 
the structural changes of its N-terminal extremity (54,55). 
Therefore, the lack of HU-induced RPA2 hyperphospho- 
rylation in shPARG suggests that loading of RPA onto ss- 
DNA is defective in these cells. Indeed, RPA2 accumula- 
tion on chromatin was dramatically reduced in shPARG 
cells at conditions of persistent replication fork stalling. 
The investigation of RPA2 and P-S4S8-RPA2 foci forma- 
tion by immunofluorescence revealed that shPARG cells 
with high PAR levels were the most affected in RPA2 mo- 
bilization. A defective resection was the first possible hy- 
pothesis we tested. Looking at the global cell population 
of HU-treated shPARG, MRE11 accumulation on chro- 
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matin appeared to be not affected compared to shCTL 
cells. This is consistent with PARP-l/PAR-facilitated re- 
cruitment of MRE11 to collapsed replication forks as de- 
scribed previously (12,44), MRE11 possessing a canoni- 
cal functional PAR-binding motif (44,56). In agreement, 
BrdU immunodetection showed similar amounts of ssDNA 
formed in both cell lines, suggesting that DNA resection 
is globally not affected in shPARG cells. Interestingly, the 
HU-treated shPARG having high PAR levels showed im- 
paired formation of MRE1 1 foci and RPA2 foci but in con- 
trast, a strong and persistent BrdU staining, indicating high 
ssDNA amount in these cells. The inhibition of MRE11 
nuclease activity by mirin reduced the proportion of cells 
with high BrdU in both cell lines but the decrease was sta- 
tistically significant only in the shCTL cells. Importantly, 
whereas the highly BrdU-positive cells rapidly disappeared 
in shCTL after the release from the HU treatment, they per- 
sisted in shPARG, in the absence or presence of mirin, never 
reaching the low levels of shCTL cells. This suggests that, 
even if MRE11 could contribute to the formation of this 
high BrdU signal observed in shPARG cells during the HU 
treatment, it cannot solely explain the persistence of high 
ssDNA level in high PARG shPARG cells released from the 
HU treatment. 

Even if we cannot exclude that other resecting enzymes 
(Exol, DNA2) could eventually compensate the lack of re- 
cruitment of MRE11 to collapsed forks in the high PAR 
shPARG cells, the persistent high BrdU signal in these cells 
could rather reflect the accumulation of accessible ssDNA 
due to high PAR content. An increased DNA accessibil- 
ity due to massive PAR level has been already reported 
previously in Parg _/_ trophoblast stem cells (43). This hy- 
pothesis is supported by the complete clearance of these 
BrdU++ cells in shPARG cells treated with HU and re- 
leased in the presence of a PARP inhibitor. Even if PARP in- 
hibition could have a direct inhibitory effect on the MRE1 1- 
dependent resection, as reported previously (12), the fact 
that the PARP inhibitor is more efficient than mirin to re- 
duce the proportion of BrdU++ shPARG cells during the 
release suggests a broader effect of PAR, which is the di- 
rect effect on RPA. Nevertheless, this result implies that in 
the context of high PAR cellular content, ssDNA monitor- 
ing by BrdU immunodetection should be considered with 
caution as a marker of ssDNA generated by resection at 
DSB. Our study shows that the high levels of PAR could 
directly impact on RPA loading onto ssDNA. All three 
RPA subunits could be efficiently PARylated by PARP-1 
in vitro, in agreement with Eki and Hurwitz (46) and RPA 
was co-immunoprecipitated with anti-PAR antibodies at 
higher levels from shPARG cells compared to shCTL after 
HU treatment, suggesting that the RPA complex was highly 
PARylated in shPARG cells. This is also in agreement with 
previous reports showing that RPA1 and RPA2 are PARy- 
lated in response to genotoxic stress (47) and that RPA1 is 
pulled down with anti-PAR antibody (57). In addition, PAR 
was able to non-covalently bind RPA and could even stimu- 
late RPA binding to ssDNA in vitro when present at low lev- 
els. This is in agreement with the study of Bryant et al (12) 
that showed that PARP-1 absence or inhibition decreased 
three times but did not abolish the formation of RPA2 foci 
in HU-treated U20S cells or Parpl _/_ cells, suggesting that 



PARP-1 /PAR could favor the formation of some, but not 
all, RPA2 foci. Our study now shows in addition that when 
PAR is present at high levels, it can even have the opposite 
effect, impacting RPA2 foci formation in vivo and RPA as- 
sociation with ssDNA in vitro. Our in vitro data fully sup- 
port our in vivo observations and suggest that in HU-treated 
shPARG cells with high PAR levels, PAR molecules could 
directly counteract RPA binding to ssDNA. 

Supporting this hypothesis, RPA2 recruitment onto chro- 
matin was restored in shPARG cells when the prolonged 
HU-treatment was performed in the presence of a PARP in- 
hibitor, similar to what was observed in HU-treated shCTL 
cells, and RPA2 hyperphosphorylation on S4S8 was also 
completely recovered. We observed an analogous decrease 
in RPA2 hyperphosphorylation in MDA-MB231 breast 
cancer cells transiently depleted in PARG by siRNA and 
treated with 2 mM HU for 24 h, and this hyperphosphoryla- 
tion was restored in the presence of a PARP inhibitor (data 
not shown). Therefore, our study indicates that deregulated 
PAR accumulation directly impairs RPA2 loading onto 
chromatin and hyperphosphorylation at collapsed replica- 
tion forks. A recent elegant study using models of RPA ex- 
haustion demonstrated that accumulation of RPA on chro- 
matin occurs before DSB generation at stalled forks, and 
that these DSB are formed in ssDNA regions not suffi- 
ciently protected by RPA (58,59). A correlation between 
RPA exhaustion and increased DSB formation was clearly 
established. It is therefore very likely that the shPARG cells 
with high PAR levels mimic a situation of RPA exhaus- 
tion: the PAR produced at stalled forks progressively ac- 
cumulates in PARG-deprived cells and thus impacts RPA 
loading onto chromatin. Thus, the more RPA is prevented 
from loading, the more uncovered ssDNA stretches are pro- 
duced, the more DSB are formed, and the more PAR is pro- 
duced. Such an amplification loop would explain this popu- 
lation of HU-treated shPARG cells displaying excessive lev- 
els of PAR and 7H2AX but no RPA2 and RAD51 foci. 

RPA2 and MRE11 are required for RAD51 recruit- 
ment at persistently stalled forks to trigger HR-mediated 
repair of the formed DSB (36,49,60). In light with this, 
the lack of MRE11, RPA2 and RAD51 foci formation in 
the HU-treated high PAR shPARG cells suggests that the 
homology-directed repair of the collapsed forks is abol- 
ished in these cells. PARP-1 depletion or inhibition was re- 
ported to have no effect on the I-Scel-induced HR process 
(1 1,16,61) but to increase the nick-induced HR (61), a likely 
explanation for the increased SCE occurring spontaneously 
or upon treatment with nick-inducing genotoxic agents. In 
contrast, Parg _/_ mouse ES cells were not more prone to 
spontaneous or M MS -induced SCE than Parg +/+ cells (62) 
suggesting no increase in nick-induced HR, whereas our re- 
sults show that PARG depletion reduces the HR-mediated 
repair efficiency of I-Scel-induced DSB. Even if the HR- 
processing of DSB induced by collapsed forks or by en- 
donucleases is not strictly comparable, PAR accumulation 
in a context of PARG deficiency is detrimental in both 
situations, supporting the long-lasting hypothesis of anti- 
recombination properties of PAR. 

In summary, our study reveals that PARG is dispensable 
for cell recovery from transient replicative stress but nec- 
essary to regulate PAR levels to avoid massive PAR pro- 
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duction and accumulation upon prolonged replicative stress 
that leads to replication fork collapse and DSB. Exten- 
sive PAR prevents RPA accumulation onto chromatin at 
replication foci, affecting its interaction with ssDNA. The 
increased sensitivity of PARG-deficient cells to the anti- 
neoplastic agent HU that blocks replication supports the 
concept of PARG inhibition to potentialize cancer ther- 
apies relying on genotoxic drugs as previously proposed 
(6,14,63,64). 

SUPPLEMENTARY DATA 

Supplementary Data are available at NAR Online. 

ACKNOWLEDGMENTS 

We are grateful to Michal Goldberg (Hebrew University, Is- 
rael) and Evi Soutoglou (IGBMC, Illkirch, France) for pro- 
viding the U20S-DR-GFP-mCherry-/-SceI-GR cell line. 

FUNDING 

This work was supported by the Centre National de la 
Recherche Scientifique, Universite de Strasbourg, Ligue 
contre le Cancer (comites du Bas-Rhin et du Haut-Rhin), 
Electricite de France, Agence Nationale de la Recherche 
[ANR-13-BSV8-0003-01]; This work has been published 
within the LABEX ANR-10-LABX-0034_Medalis and 
recieved a financial support from French government 
managed by ANR under 'Programme d'investissement 
d'avenir'. VS/FD team is Equipe Labellisee Ligue con- 
tre le Cancer. The work was also supported by a Science 
Foundation Ireland grant [to H.P.N.]; Association pour la 
Recherche Contre le Cancer [to E.F.]; LabEx Medalis and 
Agence Nationale de la Recherche [to G.I.]. Funding for 
open access charge: ANR-13-BSV8-0003-01. 
Conflict of interest statement. None declared. 



REFERENCES 

1. Luo,X. and Kraus,W.L. (2012) On PAR with PARP: cellular stress 
signaling through poly(ADP-ribose) and PARP-1. Genes Dev., 26, 
417-432. 

2. Kalisch,T., Ame,J.C, Dantzer,F. and Schreiber,V. (2012) New readers 
and interpretations of poly(ADP-ribosyl)ation. Trends Bio chem. Sci, 
37, 381-390. 

3. Meyer-Ficca,M.L., Meyer,R.G., Coyle,D.L., Jacobson,E.L. and 
Jacobson,M.K. (2004) Human poly(ADP-ribose) glycohydrolase is 
expressed in alternative splice variants yielding isoforms that localize 
to different cell compartments. Exp. Cell Res., 297, 521-532. 

4. Feng,X. and Koh,D.W. (2013) Roles of poly(ADP-ribose) 
glycohydrolase in DNA damage and apoptosis. Int. Rev. Cell Mol. 
Biol, 304, 227-281. 

5. Koh,D.W., Lawler,A.M., Poitras,M.K, Sasaki,M., Wattler,S., 
Nehls,M.C, Stoger,T., Poirier,G.G, Dawson,V.L. and Dawson,T.M. 
(2004) Failure to degrade poly(ADP-ribose) causes increased 
sensitivity to cytotoxicity and early embryonic lethality. Proc. Natl. 
Acad. Sci. U.S.A., 101, 17699-17704. 

6. Ame,J.C, Fouquerel,E., Gauthier,L.R., Biard,D., Boussin,F.D., 
Dantzer,F, de Murcia,G. and Schreiber,V. (2009) Radiation-induced 
mitotic catastrophe in PARG-deficient cells. J. Cell Sci, 122, 
1990-2002. 

7. Fisher,A.E., Hochegger,H., Takeda,S. and Caldecott,K.W. (2007) 
Poly(ADP-ribose) polymerase 1 accelerates single-strand break repair 
in concert with poly(ADP-ribose) glycohydrolase. Mol. Cell Biol. , 27, 
5597-5605. 



8. Erdelyi,K., Bai,R, KovacsJ., Szabo,E., Mocsar,G, Kakuk,A., 
Szabo,C, Gergely,P. and Virag,L. (2009) Dual role of 
poly(ADP-ribose) glycohydrolase in the regulation of cell death in 
oxidatively stressed A549 cells. Faseb J., 23, 3553-3563. 

9. Petermann,E. and Helleday,T. (2010) Pathways of mammalian 
replication fork restart. Nat. Rev. Mol. Cell Biol, 11, 683-687. 

10. Petermann,E., Orta,M.L., Issaeva,N., Schultz,N. and Helleday,T. 
(2010) Hydroxyurea-stalled replication forks become progressively 
inactivated and require two different RAD51 -mediated pathways for 
restart and repair. Mol. Cell, 37, 492-502. 

11. Yang,Y.G, Cortes,U., Patnaik,S., Jasin,M. and Wang,Z.Q. (2004) 
Ablation of PARP-1 does not interfere with the repair of DNA 
double-strand breaks, but compromises the reactivation of stalled 
replication forks. Oncogene, 23, 3872-3882. 

12. Bryant,H.E., Petermann,E., Schultz,N, Jemth,A.S., Loseva,0., 
Issaeva,N, Johansson,F, Fernandez,S., McGlynn,P. and Helleday,T. 
(2009) PARP is activated at stalled forks to mediate Mrel 1 -dependent 
replication restart and recombination. EMBO J., 28, 2601-2615. 

13. Min,W., Bruhn,C, Grigaravicius,R, Zhou,Z.W., Li,F., Kruger,A., 
Siddeek,B., Greulich,K.O., Popp,0., Meisezahl,C. et al. (2013) 
Poly(ADP-ribose) binding to Chkl at stalled replication forks is 
required for S-phase checkpoint activation. Nat. Commun., 4, 2993. 

14. Fujihara,H., Ogino,H., Maeda,D., Shirai,H., Nozaki,T., Kamada,N, 
Jishage,K., Tanuma,S., Takato,T., Ochiya,T. et al. (2009) 
Poly(ADP-ribose) Glycohydrolase deficiency sensitizes mouse ES cells 
to DNA damaging agents. Curr. Cancer Drug Targets, 9, 953-962. 

15. Lin,Z.R, Ratner,E.S., Whicker,M.E., Lee,Y. and Sartorelli,A.C. 
(2014) Triapine disrupts CtlP-mediated homologous recombination 
repair and sensitizes ovarian cancer cells to PARP and topoisomerase 
inhibitors. Mol. Cancer Res., 12, 381-393. 

16. Schultz,N, Lopez,E., Saleh-Gohari,N. and Helleday,T. (2003) 
Poly(ADP-ribose) polymerase (PARP-1) has a controlling role in 
homologous recombination. Nucleic Acids Res., 31, 4959-4964. 

17. Ying,S., Hamdy,F.C. and Helleday,T. (2012) Mrel 1 -dependent 
degradation of stalled DNA replication forks is prevented by BRCA2 
and PARP1. Cancer Res., 72, 2814-2821. 

18. Sugimura,K., Takebayashi,S., Taguchi,H., Takeda,S. and 
Okumura,K. (2008) PARP-1 ensures regulation of replication fork 
progression by homologous recombination on damaged DNA. J. Cell 
Biol, 1H3, 1203-1212. 

19. Berti,M., Ray Chaudhuri,A., Thangavel,S., Gomathinayagam,S., 
Kenig,S., Vujanovic,M., Odreman,F, Glatter,T., Graziano,S., 
Mendoza-Maldonado,R. et al. (2013) Human RECQ1 promotes 
restart of replication forks reversed by DNA topoisomerase I 
inhibition. Nat. Struct. Mol. Biol, 20, 347-354. 

20. Ray Chaudhuri,A., Hashimoto, Y, Herrador,R., Neelsen,K.J., 
Fachinetti,D., Bermejo,R., Cocito,A., Costanzo,V. and Lopes, M. 
(2012) Topoisomerase I poisoning results in PARP-mediated 
replication fork reversal. Nat. Struct. Mol. Biol., 19, 417-423. 

21. Mortusewicz,0., Fouquerel,E., Ame,J.C, Leonhardt,H. and 
Schreiber,V. (201 1) PARG is recruited to DNA damage sites through 
poly(ADP-ribose)- and PCNA-dependent mechanisms. Nucleic Acids 
Res., 39, 5045-5056. 

22. Shirai,H., Poetsch,A.R., Gunji,A., Maeda,D., Fujimori,H., 
Fujihara,H., Yoshida,T., Ogino,H. and Masutani,M. (2013) PARG 
dysfunction enhances DNA double strand break formation in 
S-phase after alkylation DNA damage and augments different cell 
death pathways. Cell Death Dis., 4, e656. 

23. Min,W., Cortes,U., Herceg,Z., Tong,W.M. and Wang,Z.Q. (2010) 
Deletion of the nuclear isoform of poly(ADP-ribose) glycohydrolase 
(PARG) reveals its function in DNA repair, genomic stability and 
tumorigenesis. Carcinogenesis, 31, 2058-2065. 

24. Cortes,U., Tong,W.M., Coyle,D.L., Meyer-Ficca,M.L., Meyer,R.G, 
Petrilli,V., Herceg,Z., Jacobson,E.L., Jacobson,M.K. and Wang,Z.Q. 
(2004) Depletion of the 110-kilodalton isoform of poly(ADP-ribose) 
glycohydrolase increases sensitivity to genotoxic and endotoxic stress 
in mice. Mol. Cell Biol, 24, 7163-7178. 

25. Fathers,C, Dray ton, R.M., Solovieva,S. and Bryant,H.E. (2012) 
Inhibition of poly(ADP-ribose) glycohydrolase (PARG) specifically 
kills BRCA2-deficient tumor cells. Cell Cycle, 11, 990-997. 

26. Falsig,!, Christiansen,S.H., Feuerhahn,S., Burkle,A., Oei,S.L., 
Keil,C. and Leist,M. (2004) Poly(ADP-ribose) glycohydrolase as a 
target for neuroprotective intervention: assessment of currently 
available pharmacological tools. Eur. J. Pharmacol., 497, 7-16. 



7792 Nucleic Acids Research, 2014, Vol 42, No. 12 



27. Le May,N., Iltis,L, AmeJ.C, Zhovmer,A., Biard,D., EglyJ.M., 
Schreiber,V. and Coin,F. (2012) Poly (adp-ribose) glycohydrolase 
regulates retinoic Acid receptor-mediated gene expression. Mol. Cell, 
48, 785-798. 

28. Shahar,O.D., Raghu Ram,E.V., Shimshoni,E., Hareli,S., Meshorer,E. 
and Goldberg, M. (2012) Live imaging of induced and controlled 
DNA double-strand break formation reveals extremely low repair by 
homologous recombination in human cells. Oncogene, 31, 3495-3504. 

29. Farmer,H., McCabe,N., Lord,C.I, Tutt,A.N., Johnson,D.A., 
Richardson,T.B., Santarosa,M., Dillon,K.J., HicksonJ., Knights, C. 
et al. (2005) Targeting the DNA repair defect in BRCA mutant cells 
as a therapeutic strategy. Nature, 434, 917-921. 

30. Raderschall,E., Golub,E.I. and Haaf,T. (1999) Nuclear foci of 
mammalian recombination proteins are located at single- stranded 
DNA regions formed after DNA damage. Proc. Natl. Acad. Sci. 
U.S.A., 96, 1921-1926. 

31. Cheng,Q., Barboule,N, Frit,R, Gomez,D., Bombarde,0., 
Couderc,B., Ren,G.S., Salles,B. and Calsou,P. (2011) Ku counteracts 
mobilization of PARP1 and MRN in chromatin damaged with DNA 
double-strand breaks. Nucleic Acids Res., 39, 9605-9619. 

32. Mashimo,M., Kato,! and Moss,! (2013) ADP-ribosyl-acceptor 
hydrolase 3 regulates poly (ADP-ribose) degradation and cell death 
during oxidative stress. Proc. Natl. Acad. Sci. U.S.A., 110, 
18964-18969. 

33. Vassin,V.M., Anantha,R.W., Sokolova,E., Kanner,S. and 
BorowiecJ.A. (2009) Human RPA phosphorylation by ATR 
stimulates DNA synthesis and prevents ssDNA accumulation during 
DNA-replication stress. J. Cell Sci, 122, 4070-4080. 

34. Anantha,R.W., Vassin,V.M. and BorowiecJ.A. (2007) Sequential and 
synergistic modification of human RPA stimulates chromosomal 
DNA repair. J. Biol. Chem., 282, 35910-35923. 

35. Jones,R.M. and Petermann,E. (2012) Replication fork dynamics and 
the DNA damage response. The Biochemical journal, 443, 13-26. 

36. Sirbu,B.M., Couch,F.B., FeigerleJ.T., Bhaskara,S., Hiebert,S.W. and 
Cortez,D. (2011) Analysis of protein dynamics at active, stalled, and 
collapsed replication forks. Genes Dev, 25, 1320-1327. 

37. Liaw,H., Lee,D. and Myung,K. (2011) DNA-PK-dependent RPA2 
hyperphosphorylation facilitates DNA repair and suppresses sister 
chromatid exchange. PLoS ONE, 6, e21424. 

38. Serrano,M.A., Li,Z., Dangeti,M., Musich,P.R., Patrick,S., 
Roginskaya,M., Cartwright,B. and Zou,Y. (2013) DNA-PK, ATM 
and ATR collaboratively regulate p53-RPA interaction to facilitate 
homologous recombination DNA repair. Oncogene, 32, 2452-2462. 

39. Sartori,A.A., Lukas,C, Coates,!, Mistrik,M., Fu,S., Bartek,!, 
Baer,R., Lukas,! and Jackson,S.P. (2007) Human CtIP promotes 
DNA end resection. Nature, 450, 509-514. 

40. Huertas,P. and Jackson,S.P. (2009) Human CtIP mediates cell cycle 
control of DNA end resection and double strand break repair. J. Biol. 
Chem., 284, 9558-9565. 

41. Stephan,H., Concannon,C, Kremmer,E., Carty,M.P. and 
Nasheuer,H.P. (2009) Ionizing radiation-dependent and independent 
phosphorylation of the 32-kDa subunit of replication protein A 
during mitosis. Nucleic Acids Res., 37, 6028-6041. 

42. Ransburgh,D.I, Chiba,N, Ishioka,C, Toland,A.E. and ParvinJ.D. 
(2010) Identification of breast tumor mutations in BRCA1 that 
abolish its function in homologous DNA recombination. Cancer 
Res., 70, 988-995. 

43. Zhou,Y, Feng,X. and Koh,D.W. (2010) Enhanced DNA accessibility 
and increased DNA damage induced by the absence of 
poly(ADP-ribose) hydrolysis. Biochemistry, 49, 7360-7366. 

44. HainceJ.E, McDonald,D., Rodrigue,A., Dery,U., MassonJ.Y, 
Hendzel,M.J. and Poirier,G.G. (2008) PARP1 -dependent kinetics of 
recruitment of MRE1 1 and NBS1 proteins to multiple DNA damage 
sites. J. Biol. Chem., 283, 1197-1208. 

45. Dupre,A., Boyer-Chatenet,L., Sattler,R.M., Modi,A.R, LeeJ.H., 
Nicolette,M.L., Kopelovich,L., Jasin,M., Baer,R., Paull,T.T. et al. 
(2008) A forward chemical genetic screen reveals an inhibitor of the 
Mrell-Rad50-Nbsl complex. Nat. Chem. Biol, 4, 119-125. 

46. Eki,T. and Hurwitz,! (1991) Influence of poly(ADP-ribose) 
polymerase on the enzymatic synthesis of SV40 DNA. J. Biol. Chem. , 
266, 3087-3100. 

47. Jungmichel,S., Rosenthal,F., Altmeyer,M., Lukas,!, Hottiger,M.O. 
and Nielsen,M.L. (2013) Proteome-wide identification of 



poly(ADP-ribosyl)ation targets in different genotoxic stress 
responses. Mol. Cell, 52, 272-285. 

48. Pestryakov,P.E., Weisshart,K., Schlott,B., Khodyreva,S.N, 
Kremmer,E., Grosse,F., Lavrik,O.I. and Nasheuer,H.P. (2003) 
Human replication protein A. The C-terminal RPA70 and the central 
RPA32 domains are involved in the interactions with the 3'-end of a 
primer-template DNA. J. Biol. Chem., 278, 17515-17524. 

49. Shi,W., Feng,Z., Zhang,!, Gonzalez-SuarezJ., Vanderwaal,R.R, 
Wu,X., Powell,S.N, Roti RotiJ.L. and Gonzalo,S. (2010) The role of 
RPA2 phosphorylation in homologous recombination in response to 
replication arrest. Carcinogenesis, 31, 994-1002. 

50. Liu,S., Opiyo,S.O., Manthey,K., GlanzerJ.G, Ashley,A.K., 
Amerin,C, Troksa,K., Shrivastav,M., NickoloffJ.A. and 
Oakley,G.G. (2012) Distinct roles for DNA-PK, ATM and ATR in 
RPA phosphorylation and checkpoint activation in response to 
replication stress. Nucleic Acids Res., 40, 10780-10794. 

51. Shao,R.G, Cao,C.X., Zhang,H., Kohn,K.W., Wold,M.S. and 
Pommier,Y. (1999) Replication-mediated DNA damage by 
camptothecin induces phosphorylation of RPA by DNA-dependent 
protein kinase and dissociates RPA:DNA-PK complexes. EMBO J., 
18, 1397-1406. 

52. Ruscetti,T, Lehnert,B.E., Halbrook,!, Le Trong,H., Hoekstra,M.F., 
Chen,D.J. and Peterson,S.R. (1998) Stimulation of the 
DNA-dependent protein kinase by poly(ADP-ribose) polymerase. J. 
Biol. Chem., 273, 14461-14467. 

53. Sajish,M., Zhou,Q., Kishi,S., Valdez,D.M. Jr., Kapoor,M., Guo,M., 
Lee,S., Kim,S., Yang,X.L. and Schimmel,P. (2012) Trp-tRNA 
synthetase bridges DNA-PKcs to PARP-1 to link IFN-gamma and 
p53 signaling. Nat. Chem. Biol, 8, 547-554. 

54. Blackwell,L.I, BorowiecJ.A. and MastrangeloJ.A. (1996) 
Single-stranded-DNA binding alters human replication protein A 
structure and facilitates interaction with DNA-dependent protein 
kinase. Mol. Cell Biol, 16, 4798-4807. 

55. Brosey,C.A., Chagot,M.E., Ehrhardt,M., Pretto,D.L, Weiner,B.E. 
and Chazin,W. J. (2009) NMR analysis of the architecture and 
functional remodeling of a modular multidomain protein, RPA. J. 
Am. Chem. Soc, 131, 6346-6347. 

56. PleschkeJ.M., Kleczkowska,H.E., Strohm,M. and Althaus,F.R. 
(2000) Poly(ADP-ribose) binds to specific domains in DNA damage 
checkpoint proteins. J. Biol. Chem., 275, 40974-40980. 

57. GagneJ.R, Pic,E., Isabelle,M., Krietsch,!, Ethier,C, Paquet,E., 
Kelly,L, Boutin,M., Moon,K.M., Foster,L.J. et al. (2012) 
Quantitative proteomics profiling of the poly(ADP-ribose)-related 
response to genotoxic stress. Nucleic Acids Res., 40, 7788-7805. 

58. Toledo,L.L, Altmeyer,M., Rask,M.B., Lukas,C, Larsen,D.H., 
Povlsen,L.K., Bekker-Jensen,S., Mailand,N, Bartek,! and Lukas,! 
(2013) ATR prohibits replication catastrophe by preventing global 
exhaustion of RPA. Cell, 155, 1088-1103. 

59. Fernandez-Capetillo,0. and Nussenzweig,A. (2013) Naked 
replication forks break apRPArt. Cell, 155, 979-980. 

60. Sleeth,K.M., Sorensen,C.S., Issaeva,N, Dziegielewski,!, Bartek,! 
and Helleday,T. (2007) RPA mediates recombination repair during 
replication stress and is displaced from DNA by checkpoint signalling 
in human cells. J. Mol. Biol, 373, 38-47. 

61. Metzger,M.J., Stoddard,B.L. and Monnat,R.!. Jr. (2013) 
PARP-mediated repair, homologous recombination, and back-up 
non-homologous end joining-like repair of single-strand nicks. DNA 
Repair (Amst.J, 12, 529-534. 

62. Gunji,A., Fujihara,H., Kamada,N, Omura,K., Jishage,K.L, 
Nakagama,H., Sugimura,T. and Masutani,M. (2003) Lack of altered 
frequency of sister-chromatid exchanges in poly(ADP-ribose) 
glycohydrolase-deficient mouse ES cells treated with 
methylmethanesulfonate. Proc. Japan Acad., 79, 305-307. 

63. Shirai,H., Fujimori,H., Gunji,A., Maeda,D., Hirai,T, Poetsch,A.R., 
Harada,H., Yoshida,T, Sasai,K., Okayasu,R. et al. (2013) Parg 
deficiency confers radio-sensitization through enhanced cell death in 
mouse ES cells exposed to various forms of ionizing radiation. 
Biochem. Biophys. Res. Commun., 435, 100-106. 

64. Feng,X. and Koh,D.W. (2013) Inhibition of poly( ADP-ribose) 
polymerase- 1 or poly(ADPribose) glycohydrolase individually, but 
not in combination, leads to improved chemotherapeutic efficacy in 
HeLa cells. Int. J. Oncol, 42, 749-756. 



